Though closed cell Al foams have extremely low density and high energy absorption performance, they are expected to improve the compressive strength and to clear the dynamic compression characteristics for much more practical application.
Introduction
Closed cell Al foams, having numbers of closed pores distributed inside, are ultra light weight. They are highly evaluated for their high energy absorbing performance, 1) and their applications to automobile vehicles and aircrafts 2) are expected. Among the various methods for manufacturing closed cell Al foams, 1) a method that solidifies after adding a foaming agent into molten aluminum, 3) (hereafter referred to as direct aluminum foaming in melt), is highly evaluated as a process for manufacturing relatively large, uniform foaming blocks quickly at low cost, and further industrial applications are expected. In order to use such Al foams as structural members that require impact energy absorbing performance, it is necessary to improve the weight saving by higher strength, and clarify the dynamic compression characteristics.
General aluminum alloy (bulk material) has dynamic compression characteristics such that the strain rate has less effect. 4) The static compressive deformation process of Al foams produces local deformation due to buckling and bending of the cell wall, 5) unlike the compressive deformation behavior of aluminum alloy bulk material, which produces uniform deformation; therefore, it is necessary to clarify the dynamic compression characteristics. The Split Hopkinson Pressure Bar method 6) (hereinafter referred to as SHPB) is used to evaluate the dynamic compression characteristics of relatively small test pieces, and the striker and input/output bars are generally made of hard steel bars. Previous reports on the dynamic characteristics of closed cell Al foams 7, 8) were based on the SHPB method in a low strain range using hard steel bars of higher strength and density compared with Al foams, and they neither discuss the experimental evaluation accuracy nor examine any effect of material and density of Al foams. Our previous paper 9) has already reported a high accuracy evaluation by the SHPB method using nylon striker and input/output bars having a small difference in the impedance-characteristics from Al foams. However, it did not examine any effect of the dynamic strength behaviors in a high strain range, and the dynamic compression characteristics and strain rate on the condition of the same test piece sizes applicable to such structural members as mentioned above.
In this research, we examined the effects of the test piece size, density, and high strength alloying on the dynamic compression characteristics, using the SHPB method with a nylon striker and input/output bars which can measure in a high strain region, and using a drop weight impact test device, of pure aluminum based closed cell Al foams and Al alloy foams manufactured by direct foaming in melt. We also analyzed the effects of the inner gas enclosed in cells on the dynamic compression characteristics, and then clarified systematically the strain rate effect and the dynamic compressive strength of closed cell Al foams. Figure 1 shows the manufacturing process of closed cell Al foams by direct foaming in melt. Industrial-grade (99%) pure aluminum of about 33 kg was melted (953 K) in a mold of 310 mm in width Â 630 mm in length Â 630 mm in height, and then 1.5 mass% (hereinafter represented without mass) metal calcium (purity of 99%) with a strong affinity to oxygen was added and agitated to increase the viscosity.
Experimental Procedure

Test piece
as a foaming agent into the melt (943 K) and then it was fan cooled to manufacture some pure Al foams blocks with different density (hereafter referred to as pure Al foams). Besides these pure Al foams, zinc and magnesium was added into the molten aluminum to manufacture Al alloy (Al-10.0%Zn-0.3%Mg) foams blocks. Figure 2 shows the cross section macrograph of the Al foams.
Static and dynamic compression test pieces having cross section of 17 Â 17 mm 2 and height of 13 mm (17 Â 17 Â 13 mm 3 ), cross section of 50 Â 50 mm 2 and height of 50 mm (50 Â 50 Â 50 mm 3 ), cross section of 70 Â 70 mm 2 and height of 100 mm (70 Â 70 Â 100 mm 3 ), and cross section of 100 Â 100 mm 2 and height of 100 mm (100 Â 100 Â 100 mm 3 ) were sampled from these Al foams blocks. The density was determined based on measurements of the test piece weight using an electronic balance (accuracy of 0.1 mg), and measurements of the test piece dimension using a slide caliper.
Compression test method
The static compression test was performed by an Instron universal test device, and load-displacement curves were obtained from the load cell output and the crosshead displacement (strain rate 1:5 Â 10 À3 /s). From such loaddisplacement curves, nominal compressive stress-strain curves were derived by dividing the load by the initial cross
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Foamed block Foaming Thickening sectional area of the test piece, and the displacement by the initial height of the test piece. The dynamic compression characteristics of Al foams were evaluated using the SHPB impact test device shown in Fig. 3 . We performed dynamic compression tests based on the SHPB method, using a nylon striker and input/output bars (same material), 9) and a nylon striker bar of 400 mm in length in order to evaluate the dynamic compression behaviors in a high strain range. The nylon striker bar is 25 mm in diameter Â 400 mm, and the nylon input/output bars are 25 mm in diameter Â 1 m in length. The test pieces have cross section of 17 Â 17 mm 2 and height of 13 mm (17 Â 17 Â 13 mm 3 ). The air tank having an internal volume of 0.1 m 3 is pressurized up to 0.99 MPa, and then the striker bar is launched through the launcher tube (runaway distance: 4.3 m) by opening the electromagnetic valve. The launching velocity was obtained using a photoelectric switch at the launcher tube outlet. The effects of the inner gas enclosed in closed cells of foams on the dynamic compression characteristics were examined using test pieces with numbers of artificial holes of about 0.5 mm in diameter on the closed cell wall of the pure Al foams as shown in Fig. 4 .
The strain rate _ " ", strain " and stress in the test piece of the SHPB method were determined using the following eq. (1) of the one-dimensional wave propagation theory, based on the output from the strain gauges attached to the input/output bars; resultantly, compressive stress-strain curves were obtained.
Where, " i , " r and " t : Incident, transmitted and reflected strain pulse detected by strain gage, C 0 : Propagation velocity of strain pulse, L: Height of the test piece, t: Impact strain pulse propagation time to test piece, E: Modulus of longitudinal elasticity of input/output bar, A: Cross sectional area of input/output bar, and A s : Cross sectional area of the test piece.
The dynamic compression characteristics of Al foams was also evaluated using the drop weight impact device shown in Fig. 5 , on the condition of the same test piece sizes and high strain rate at the impact, which are applicable to actual structural members. The drop weight impact test device requires Al foam test pieces of 70 Â 70 Â 100 and 100 Â 100 Â 100 mm 3 . The strain rate at the impact onto the test piece was about 53.5 km/hr (1:48 Â 10 2 /s) by free fall of a weight of 160 kg from a height of 11 m. Compressive stressstrain curves were obtained based on measurements of the 
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Free fall from 11M height strain rate at the impact and deformation at a strike on the test piece using a laser displacement gauge, as well as measurements of the impact force using a load cell located directly under the test piece. Figure 6 (a) shows stress-strain curves of several pure Al foams, using test pieces that have different dimensions, but almost the same density. In the comparison among the Al foams with high density, the largest test piece of 100 mm 3 presents the highest compressive strength even among those of almost the same density. Figure 6(b) shows the stressstrain curves of Al-10.0%Zn-0.3%Mg foams, using test pieces of different sizes. The plateau region becomes longer and the stress fluctuation within the plateau region becomes greater, because the cell wall of Al-Zn-Mg alloy foams tends to incur brittle fracture by alloying.
Experimental Results and Discussion
Static compression characteristics
5) The small test piece of 17 Â 17 Â 13 mm 3 presents a large compressive stress and subsequent rapid decreasing in an early compression period, and also relatively large and long span stress fluctuation within the plateau region. The stress fluctuation may be caused by increasing strength and brittleness of cell walls by alloying. The deformation of closed cell Al foam occurs generally in the local band with spacing of 3-4 cells 11) because of non-uniformity in cell structure. In the case of pure Al foam with ductility, the local deformation is continuously moved to next band by strain hardening of cell walls and the stress-strain curve can be stable. However, in Al-Zn-Mg foam, brittle cell walls are elastically collapsed just at its strength without strain hardening in the local band, and then the deformation proceeds discontinuously with stress fluctuation. Furthermore the stress fluctuation appears remarkably in the small size test piece, because the local deformation band is relatively large to its volume in small test piece. This may be a reason why the large compressive stress and its rapid decreasing appear in early stage of compression in the small test piece even in static compression test. With larger test pieces, on the other hand, the stress fluctuation by local brittle deformation may be decreased by its relative large volume. Figure 7 (a) shows the relation between the density and plateau stress of the pure Al foams. In this paper, plateau region is defined as a region up to the point of starting densification at which compressive stress increases rapidly after yielding, and plateau stress is defined as an average of compressive stress at 20 to 30% strain region, for the purpose of systematic comparison of the compression test results of all Al foams. It is reported 3) that the plateau stress is increased as the density of test pieces of the same sizes increases. There are also some reports 11, 12) that there was less effect on the compressive strength beyond a certain test piece size. However, Fig. 7(a) proves that the difference in the plateau stress of each test piece size is enlarged as the density increases, and that the plateau stress becomes higher in the large test piece with higher density. The flexibility and ductility of the cell wall of the pure Al foams allow them to be deformed by buckling and bending. 5) And as shown in Fig. 2 , cell walls become thick as the density increases. As a result, larger test pieces that have a large number of thick and ductile closed cell walls enclose the inner gas show remarkably higher buckling and bending deformation resistance, which makes the plateau stress higher. Figure 7(b) shows the relation between the density and plateau stress of Al-10.0%Zn-0.3%Mg foams, using test pieces of different sizes. It proves that the plateau stress increases as the density increases, regardless of the test piece size. This shows that there are few differences of plateau stress between test piece sizes. Unlike the pure Al foams, it seems that the low ductility cell wall of Al-10.0%Zn-0.3%Mg foams caused brittle fracture 5) against the bending deformation from compression. Figure 8(a) shows the dynamic compressive stress-strain curves of the pure Al foams by the SHPB method using a nylon striker and input/output bars without removing noises. This figure shows also the compressive stress-strain curves, in dotted lines, by the static compression test using test pieces of almost the same density and size. This figure proves that the compressive strength in the dynamic compressive stressstrain curves is increased more than that by the static compression test using test pieces of the same density. Figure 8(b) shows the dynamic compressive stress-strain curves of Al-10.0%Zn-0.3%Mg foams by the SHPB method. This figure shows also the static compressive stress-strain curves of Al-10.0%Zn-0.3%Mg foams of almost the same density, in dotted lines. It proves that these foams present almost the same dynamic compressive stress-strain curves as the static compressive stress-strain curves of the same density, and the plateau stress increases as the density increases. Figure 9 (a) shows the dynamic compressive stress-strain curves of the pure Al foams by the drop weight impact compression test. This figure shows also the static compression test using test pieces of almost the same density and size, in dotted lines. This proves that the compressive strength is increased as the density increases, and the stress-strain curves by the static compression test represents the envelope curve of minimum points of the stress fluctuation of the dynamic compressive stress-strain curves, except the stress variation in a early compression period of the impact test. Figure 9(b) shows the dynamic compressive stress-strain curves of Al-10.0%Zn-0.3%Mg foams by the drop weight impact test, using 100 mm 3 test pieces. This figure shows also the static compressive stress-strain curves using test pieces of almost the same density, in dotted lines. However, the dynamic and static stress-strain curves of Al-10.0%Zn-0.3%Mg foams are different from each other over a 50% strain. As mentioned above, brittle cell walls are elastically collapsed in the compression of Al-Zn-Mg alloy foams. As the fractured cell walls around outside of the test piece fall down during static compressing, 5) the densification of a foam piece by compression is delayed and plateau region is extended especially in low density foams. However, in high strain rate compression, the whole foam piece is crushed for a split second. Therefore the fractured cell walls do not fall down and the densification of a foam piece is occurred over a 50% strain similarly to ductile pure Al foams. Figure 10 (a) shows the relation between density and plateau stress of the pure Al foams by the SHPB method and by the drop weight impact compression test. This figure shows also the relation between density and plateau stress by the static compression test, in dotted lines. Results indicated with symbols ( ) and ( , ) in the figure are respectively from the SHPB method and the drop weight impact compression test. In the comparison between dynamic and static compression test with the same density and test piece size, the dynamic plateau stresses obtained by the both dynamic tests were similarly about 1.3 times larger than the static ones. As a result, it proves that the dynamic compression characteristic in the pure Al foam is affected by test piece size as well as the static compression test results, but the strain rate dependency is small between both dynamic tests. Figure 10(b) shows the relation between density and plateau stress of Al-10.0%Zn-0.3%Mg foams by the SHPB method and by the drop weight impact test. This figure shows also the relation between density and plateau stress by the static compression test, in dotted lines. Results indicated with symbols ( ) and ( ) in the figure are respectively from the SHPB method and the drop weight impact compression test using 100 mm 3 test pieces. This figure proves that the plateau stresses by the both dynamic tests are similarly increased as the density increases as well as that by the static test, and that the plateau stress does not have much effect of strain rate and test piece size. There is also a report 13) that closed cell foam with a relatively brittle Al-Si alloy did not exhibit the strain rate dependence of compressive stress. In Al-10.0%Zn-0.3%Mg foams, the dynamic compression stress in both tests is increased by only 1.1 times larger than that in the static compression test. The increment of the dynamic plateau stress was smaller than that of the pure Al foams, and it seems to be caused by that the high strength cell walls of Al-10.0%Zn-0.3%Mg foam caused brittle fracture against the bending deformation from compression and the inner gas is released in the early compression period as mentioned in following section.
Dynamic compression characteristics by the SHPB method
Dynamic compression characteristics by the drop weight impact test
Effect of the strain rate on the plateau stress
Effects of inner gas enclosed in cells
The increment in dynamic compression plateau stress may be caused by the inner gas pressure rising under the dynamic compression. The effects of the inner gas enclosed in closed cells of foams on the dynamic compression characteristics were examined using such test pieces that allow the inner gas to be vented early under compressed conditions, by providing numbers of artificial holes of about 0.5 mm in diameter on the closed cell wall of the pure Al foams as shown in Fig. 4 . There is also a report 14) that the compressive deformation behavior of open cell Al-Mg-Si alloy foam at the dynamic strain rate is almost identical to the result at the quasi-static strain rate. Figure 11 shows the dynamic compressive stress-strain curves of the pure Al foams with and without cell inner gas vent holes. This figure proves that the compressive stress of the pure Al foams with inner gas vent holes is smaller than that of the pure Al foams of the same density without inner gas vent holes. Figure 12 shows the relation between density and plateau stress of the pure Al foams by the SHPB method, with and without inner gas vent holes. This figure shows also the relation between density and plateau stress by the static compression test using test pieces of the same size. Results indicated with a symbol (+) in the figure are the case when providing inner gas vent holes. The plateau stress increases as the density increases regardless of the provision of inner gas vent holes. When providing inner gas vent holes, the plateau stress decreases compared with the case using test pieces of the same density but without holes, and it becomes close to the plateau stress by the static compression test (without inner gas vent holes). Accordingly, increase of the inner gas pressure under dynamic compressive conditions and ductility of the cell wall may contribute to increasing the plateau stress. Figure 13 shows the relation between strain rate and plateau stress of the pure Al foams and Al-10.0%Zn-0.3%Mg foams with different test piece size. Figure 13 (a) proves that plateau stress increased by the increase of the strain rate in closed cell pure Al foams. And, a scale effect of test pieces is found in dynamic plateau stress as well as in static one, but the strain rate dependency of the plateau stress between the drop weight impact test and the SHPB test is small. When providing inner gas vent holes, dynamic plateau stress decreased close to static one. Accordingly, increase of the inner gas pressure under dynamic compressive conditions and ductility of the cell wall may contribute to increasing the dynamic plateau stress in pure Al foams. Figure 13(b) proves that the effect of strain rate on plateau stress in closed cell Al-10.0%Zn-0.3%Mg foams was less than that in pure Al foams, and there was less scale effect of test pieces for plateau stress because the cell walls of Al-Zn-Mg foams tend to collapse owing to brittleness by alloying.
Conclusion
(1) With the pure Al foams, the plateau stress by the static compression test increases as the density increases, and the plateau stress increases further as the test piece volume increases, as a result of combining the ductility of the cell wall and the effects of the inner gas. Accordingly, there is a scale effect of test pieces. increases; however, there is less scale effect of test pieces due to decreased ductility of the high strength alloy cell wall. (3) This SHPB method in a high strain range and the drop weight impact compression test prove that the strain rate dependency of the plateau stress is small. The dynamic plateau stress of the pure Al foams is increased as the density increases, it is about 1.3 times larger than the static one, and there is a scale effect of test pieces. (4) This SHPB method and the drop weight impact compression test prove that the strain rate dependency of the plateau stress is small. The dynamic plateau stress of Al-10.0%Zn-0.3%Mg foams is increased as the density increases, it is about 1.1 times larger than the static one, and there is less scale effect of test pieces. (5) With Al foams, the increasing in dynamic plateau stress may be caused by the inner gas pressure rising under dynamic compressive conditions as well as influence of the strength and ductility of the cell wall.
